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Abstract: Hyperspectral imagers enable the collection of high-resolution spectral images exploitable
for the supervised classification of habitats and objects of interest (OOI). Although this is a
well-established technology for the study of subaerial environments, Ecotone AS has developed an
underwater hyperspectral imager (UHI) system to explore the properties of the seafloor. The aim
of the project is to evaluate the potential of this instrument for mapping and monitoring benthic
habitats in shallow and deep-water environments. For the first time, we tested this system at two
sites in the Southern Adriatic Sea (Mediterranean Sea): the cold-water coral (CWC) habitat in the
Bari Canyon and the Coralligenous habitat off Brindisi. We created a spectral library for each site,
considering the different substrates and the main OOI reaching, where possible, the lower taxonomic
rank. We applied the spectral angle mapper (SAM) supervised classification to map the areal extent
of the Coralligenous and to recognize the major CWC habitat-formers. Despite some technical
problems, the first results demonstrate the suitability of the UHI camera for habitat mapping and
seabed monitoring, through the achievement of quantifiable and repeatable classifications.
Keywords: hyperspectral camera; spectral library; habitat mapping; coralligenous; cold-water coral;
Adriatic Sea
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1. Introduction
Traditionally, underwater habitat mapping has been carried out coupling acoustic remote sensing
techniques with red/green/blue (RGB) images, videos and bottom sampling [1,2]. The analysis of video
and images is performed manually by expert interpretation, or automatically when a photomosaic is
available [3]. Recently, the European programs such as the EU Marine Strategy Framework Directive
(MSFD: 2008/56/EC), require the monitoring of benthic habitat extent and distribution (Criteria 1.4 and
1.5 of the Descriptor 1 “Biological Diversity”). The MSFD scope is to assess the good environmental
status (GES) of European water [4] with the lowest possible impact on the seafloor. This effort is
translated into quantifiable operational indicators that should be measurable at different scale and
repeatable in time [4]. To fulfill these requirements, there is a need for innovative approaches and
tools to obtain detailed, reliable, quantifiable and repeatable maps of relevant habitats in different
underwater environments [2].
During the last decade, the implementation of hyperspectral devices has become a viable
alternative to regular photography. In contrast to ordinary cameras that acquire three colour bands
(RGB), hyperspectral cameras record the full spectrum of reflected light, in each pixel of the acquired
image. Therefore, the spectral resolution and amount of information obtainable from an image
transect is vastly increased compared to traditional photography [5]. As a result, UHI can detect
the subtle and otherwise unnoticeable spectral properties of a given OOI and record object-specific
optical fingerprints. Optical fingerprinting increases classification accuracy for both qualitative and
quantitative mapping [5].
This technology has previously been applied to airborne remote sensing, both in terrestrial
and marine environments, through passive sensors requiring sunlight. However, sunlight is highly
attenuated in marine waters [6,7]. As a consequence, this technique is suitable only in coastal areas
and relatively shallow water (up to 50 m depth: [8–10]). Hence, works on hyperspectral imaging from
satellite or airplanes are focussed on oceanographic and biological studies [11,12], mapping of ocean
colour [12,13] and shallow benthic habitats [8,10] such as coral reefs [14–17], seagrasses [18–20] and
kelp forests [9].
Recently, different instrument carriers for the underwater hyperspectral imager (UHI) have been
used in underwater field applications, such as the customized scanning rig [21,22], remotely operated
vehicle (ROV) [6,7,23–27] or autonomous underwater vehicle (AUV) [28]. The UHI has been tested
and utilized for different purposes from shallow (< 6 m) [22] to abyssal depths (ca. 4200 m depth) [6,7].
Among the many applications, UHI was related to the identification of manganese nodules [6],
infrastructure inspection, seafloor impact of offshore drilling [29] and marine archaeology [25,27,30].
However, the most reported UHI application is within the field of benthic habitat mapping, modelling
and monitoring. Underwater hyperspectral imaging with ROV has been used to study coastal kelp
forests [25], vertical rock wall habitat and soft sediments [24], red calcareous algae and associated
fauna [25,26], deep-sea megafauna [7] and CWC communities [23,25]. Laboratory experiments to
measure changes in the health status of CWCs exposed to hydrocarbons emissions is another application
of UHI [31].
As a first application to the Mediterranean basin, we tested the UHI in the Adriatic Sea [32].
The semi-enclosed Adriatic Sea hosts a variety of benthic habitats, including the shallow oyster reefs
and sponge communities in the Venice Lagoon [33], coralligenous formations on the shelf (e.g., [34]
with references therein), down to the CWC habitat in deep water (> 200 m) in the south (e.g., [35–40]).
At present, the Adriatic Sea is under siege by a number of stressors, such as high demographic pressure
on its coastal areas, pollution, marine littering and dumping, fishing practices, ship traffic, harbour
activities and industrial operations [41]. Our study targets the distribution and extent of two biogenic
habitats (CWC and Coralligenous), in different geomorphological and depth contexts, considered to
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be of key importance in monitoring plans. In this perspective, the UHI may prove useful in habitat
mapping to meet the requirements of European programs (e.g., EU MSFD).
2. Materials and Methods
2.1. Study Area
The two selected sites are located in the Southern Adriatic Sea (Figure 1): the Bari Canyon (CWC
habitat) and the continental shelf off-shore Brindisi (Coralligenous habitat).
The Bari Canyon site is located ca. 40 km away from the city of Bari, on the continental
margin, within a well-known Cold-Water Coral ecosystem, extending between −200 and −700 m
on the southern flank of the canyon [35,36,38,42,43]. The CWC habitat is here characterised by
complex megabenthic communities, mainly represented by the colonial scleractinian Madrepora oculata,
subordinately Desmophyllum pertusum (Lophelia pertusa [44]) and the solitary Desmophyllum dianthus,
and by large fan-shaped sponges (i.e. Pachastrella monilifera and Poecillastra compressa) [35–37,40].
The Brindisi site is placed on a flat continental shelf, about 10 km far from the coast at an average
depth of 30 m. Coralligenous outcrops, mosaicking coarse biogenic sediments [34–46], dominate the
seafloor. The coralligenous is a very complex habitat where crustose coralline algae (CCA) and red
algae belonging to the order of Peyssonelliales are often the main bioconstructors in shallower waters,
generating a new solid substrate and constituting a three-dimensional biogenic build-up [47–52].
It represents a key habitat of the Mediterranean continental shelf because of its structural and functional
importance, as well as for its considerable aesthetic value [53]. In the study area, discrete coralligenous
build-ups [46] characterize the seafloor, with a thickness up to 70 cm. CCA, usually growing in
dim light conditions, and other algae such as Peyssonelliales primarily form these solid substrates;
bryozoans and serpulids contribute to the bioconstruction [54,55]. Moreover, these hard substrates
host different fauna and flora, often overgrowing the calcified red algae [51].
2.2. Underwater Hyperspectral Imager (UHI)
The underwater hyperspectral imager (UHI), developed and patented by Ecotone AS, consists of
a waterproof housing containing camera system, computer and data storage. It is operated with a
light source for proper illumination, and represents a new system for the identification, mapping and
monitoring of OOI at the seabed [5,25].
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Figure 1. (A) Location of the two sites, inset shows the position in the Mediterranean Sea; (B) the 
extension of the Bari Canyon CWC province (from [56]) and (C) the extension of the coralligenous in 
the Brindisi area (black lines indicate the ROV surveys). Habitat maps produced by the BIOMAP 
project and further updated within the CoCoNet project. (D) Example of CWC habitat complexity 
showing colonies of M. oculata and large fan-shaped sponges (from [38]); (E) example of 
coralligenous characterized by CCA and Peyssonelliales, serpulids and orange encrusting sponges 
overprinting the calcified red algae. 
2.2. Underwater Hyperspectral Imager (UHI) 
The underwater hyperspectral imager (UHI), developed and patented by Ecotone AS, consists 
of a waterproof housing containing camera system, computer and data storage. It is operated with a 
Figure 1. (A) Location of the two sites, inset shows the position in the Mediterranean Sea; (B) the
extension of the Bari Canyon CWC province (from [56]) and (C) the extension of the coralligenous
in the Brindisi area (black lines indicate the ROV surveys). Habitat maps produced by the BIOMAP
project and further updated within the CoCoNet project. (D) Example of CWC habitat complexity
showing colonies of M. oculata and large fan-shaped sponges (from [38]); (E) example of coralligenous
characterized by CCA and Peyssonelliales, serpulids and orange encrusting sponges overprinting the
calcified red algae.
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The UHI is a push broom camera, which records one line at time. It is equipped with a spectrograph
that receives light through a thin entrance slit [57]. Light entering the instrument is diffracted into
separate wavelengths and projected onto the camera sensor as a contiguous spectrum. A continuous
image is built up line by line and can be presented on a monitor for visualisation [26].
The UHI needs to be mounted on a moving platform (e.g., ROV) that operates at a fairly constant
speed and altitude from the seafloor. Mobile platforms equipped with dynamic positioning systems
permit larger areal coverage, and the possibility of re-visiting the surveyed sites based on their
geolocation data [58]. External lamps provide seafloor illumination. Due to the rapid attenuation of
light in the marine environment, UHI is normally confined to scanning altitudes <5 m above the OOI,
depending on water quality and turbidity.
Image lines are captured perpendicular to the direction of movement. The result is a hyperspectral
image, featuring detected intensities for all the wavelengths used [57]. The spatial resolution provided
by hyperspectral cameras varies with altitude, exposure time of the camera and speed vessel.
2.3. Data Acquisition
In February 2017, we carried out the SPECTRA17 cruise on board of the R/V Minerva Uno, aimed
at testing the ability of the UHI to acquire seafloor hyperspectral images in the Southern Adriatic Sea.
An Ecotone UHI (Model 4) was mounted vertically beneath the ROV Super Mohawk II 34
Observation Class, facing directly towards the seafloor, together with two LED lamps (3200 lumens
per lamp) oriented at 90◦, a 2D high resolution RGB camera with two lamps oriented at 60◦ and a
system to correct UHI camera motion for pitch, roll and yaw. Acquisition and pre-processing of data
were managed through the C++ based UHI customized software Immersion installed on the topside
control unit.
The ROV maintained constant speed (about 1 knot) and heading in each dive (45◦ for CWC and
25◦ for coralligenous, respectively), at a constant altitude of 1–1.5 m. The track length was about 2.5 km
for the CWC site and 785 m for the coralligenous site.
ROV navigation and position was provided by Low-Accuracy TrackLink USBL Positioning System
(accuracy of <2% of the water depth), positioning data were recorded at 1 sec. The positioning system
was operated using the software PDS2000. In addition to UHI, a black and white camera for ROV
navigation and a high-resolution camera provided footage for manual identification of OOI.
We reoccupied previous ROV tracks, making use of high-resolution videos and photos already
available for comparing the UHI results and classification.
2.4. High Resolution Camera Image Data Processing
The RGB images for coralligenous and CWC sites, collected by the high-resolution camera, were
processed using ADELIE Software by IFREMER and used to identify and classify the OOI. ADELIE is
a software able to synchronise video and navigation and then automatically capture georeferenced still
images (or image sequences) for a chosen time interval (e.g., every 10 s). Through a specific module of
ADELIE based on ArcGIS Desktop, it is possible to filter and smooth vehicle navigation, to have direct
access to pictures and to localize video in real time. Following this procedure, we mapped all track
lines producing benthic habitat maps and estimated the extent of habitat at ROV scale.
2.5. UHI Data Processing
Processing of hyperspectral images consisted of three main steps: (1) Radiometric processing
correcting for sensor influence; (2) Georeferencing to assign geospatial information and perform
image geocorrection; (3) Conversion of radiance to reflectance by correction of external influences
from illumination source. Using Immersion, we performed the georeferencing and radiometric
correction of the acquired images to produce non-distorted and georeferenced hyperspectral images.
The spectral resolution is up to 2.2 nm, while the spatial resolution is 1 cm for CWCs and 0.5 cm for
coralligenous. The resulting UHI coverage is about 1–1.2 m width, depending on height above seafloor.
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The pre-processed UHI images used in this work are available as Research Object (for further details
see Supplementary Materials).
2.5.1. Radiometric Processing
The UHI was calibrated in the laboratory before the oceanographic mission. A standard lamp with
known spectral properties was used to find the ratio between observed the digital counts of intensity
for each wave band on the sensor, to spectral radiance (W m−2 sr−1 nm−1). These measurements
can be applied on raw recordings from the field to correct for sensor-specific noise and dark current,
as well as data acquisition parameters such as exposure time and binning. Radiance conversion was
automatically performed as part of the georeferencing algorithm in Immersion.
2.5.2. Georeferencing
Geographic position and spatial correction of the hyperspectral images were provided by the
georeferencing procedure through Immersion software by using: (1) USBL data for the ROV position
and (2) altitude data from the Ecotone IMU (Inertial Measurement Unit). As the navigation produced
by USBL track link contains frequent spikes and some metrical gaps, we statistically filtered navigation
and altitude data through 20- and 5-point-wide windows, respectively, using an adjacent averaging
smoothing algorithm to improve resolution [59]. In addition to navigation, motion and altitude data
the following parameters for Immersion were set: (1) course-made-good option for ROV heading
calculation; (2) a spectral binning of 8 resulting in 28 bands with 15 nm resolution; (3) a spatial binning
of 1 and (4) a cell resolution of 1 cm for CWCs and 0.5 cm for coralligenous.
2.5.3. Reflectance Processing
Following the procedure in [1], radiance data was converted into reflectance correcting for the
external influence on the spectral characteristics from LED lamps or their combination with sunlight,
at the deep and shallow site, respectively. These spectral characteristics are not definable, so we
approximated the illumination influence by using a reference spectrum calculated for the entire
analysed segment of both sites in R software [60]. Then, we divided each image pixel by its respective
reference spectrum.
2.6. UHI Spectral Supervised Classification
We selected a segment from the CWC track line of about 10 m and a segment from the coralligenous
track line of about 7.5 m for the spectral supervised classification and further analysis. Classification
was performed through the software ENVI 5.5, using the spectral angle mapper (SAM) method.
The accuracy was determined generating a confusion matrix for each site.
2.6.1. Spectral Angle Mapper (SAM)
The spectral angle mapper (SAM) is a supervised classification technique that measures the
similarity of image spectra to reference spectra. The reference spectra can be measured in field or
laboratory, they can be taken directly from the image as region of interest (ROI) or imported from
already known spectral libraries. SAM measures similarity by calculating the angle between the
two spectra, treating them as vectors in n-dimensional space, with n being the number of bands [61].
The angle is the arccosine of the dot product of the two spectra. Smaller values for the angle indicate
higher similarity between pixel and reference spectra. As the angle between two vectors is independent
of the vector length, this method is unaffected by gain factors, such as solar illumination [62]. The SAM
only compares the angle between the spectral directions of the reference and test pixels considered,
there is no specific requirement for a large amount of training samples [63].
We trained the model selecting ROIs that include spectral signatures representing substrates,
megaflora and megafauna (> 2 cm) present in the surveyed areas. The selected ROIs reflect the highest
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spectral diversity due to different pigmentation of the OOI and make up the benthic classes that will
constitute the final classification.
In particular for the CWC site, we used 10 ROIs to train the SAM classification representing 4
benthic classes: (1) colonial cnidarian, (2) sponge, (3) mud, (4) bedrock (Table 1). For colonial cnidarian,
bedrock and sponge we selected multiple ROIs due to the differences of the UHI RGB colours along
the segment. For the coralligenous site, we created 13 ROIs identifying 5 benthic classes: (1) CCA
and Peyssonelliales (P) forming the build-ups (CCA+P); (2) green algae on build-ups (in particular
Codium bursa and Flabellia petiolata) and on sediment (Caulerpa prolifera); (3) Seagrass (Posidonia oceanica);
(4) organisms associated with the presence of build-ups; and (5) sand (Table 2). For the CCA+P and
the green algae (Green algae 1 and 2) classes, we selected more than one ROI due to the illumination
unevenness caused by the slight altitude variation along the track.
After running the SAM with a maximum angle of 0.1 radiant, we applied the ENVI ‘Rule classifier’
post classification tool to adjust the threshold angles for each class and improve the classification results.
We choose the appropriate thresholds classifying by minimum values and visualizing the histogram
that shows the frequency of pixel with different angles. Finally, we used the ENVI ‘Majority/Minority
analysis’ tool with a kernel size of 3 × 3 to clean and smooth the SAM classification.
Table 1. Selected ROIs for the benthic classes of the CWC site and relative threshold values used in the
‘Rule classifier’ tool.
Benthic
Class Colonial Cnidarian Sponge Mud Bedrock
ROI 1 2 3 1 2 3 4 1 1 2
Taxonomy M. oculata/D. pertusum Hexactinellidasp.
Demospongiae
sp. 1
Demospongiae
sp. 2
Demospongiae
sp. 3
Threshold 0.035 0.025 0.08 0.08 0.15 0.045 0.035 0.08 0.08 0.08
Table 2. Selected ROIs for the benthic classes of the coralligenous site and relative threshold values
used in the ‘Rule classifier’ tool.
Benthic
Class CCA+P Green Algae Seagrass Associated Organism Sand
ROI 1 2 3 1 2 3 1 Sponge 1 Sponge 2 Serpulids RedStarfish
Red
Ascidia 1
Taxonomy C. bursa/F.petiolata
C.
prolifera
P.
oceanica
Axinella sp.
1
Axinella sp.
2 E. sepositus H. papillosa
Threshold 0.2 0.02 0.07 0.08 0.08 0.065 0.045 0.08 0.07 0.03 0.18 0.06 0.2
2.6.2. SAM Classification Accuracy
We generated a confusion matrix for both test sites using ENVI and ArcGIS desktop to determine
the accuracy of the classification results. Firstly, we produced eight random sampling points for each
benthic class using the ‘Generate random sample’ ENVI tool with the equalized random technique to
divide the population into homogeneous subgroups, while ensuring that each class sample size was
the same (1 pixel). Then, we compared within ArcGIS Desktop the random sampling points predicted
classes with the UHI image (ground truthing), to assign the real class for each point as defined by the
expert interpretation. We generated the confusion matrix for each classification using the predicted
classes and the real class values specifying the overall, producer’s and user’s accuracies. The overall
accuracy is calculated by summing the number of correctly classified values and dividing by the total
number of values. The user’s accuracy (UA) is the number of correctly identified pixels in a class,
divided by the total number of pixels of the class in the classified image; it shows false positives, where
pixels are incorrectly classified as a known class when they should have been classified as something
else. Producer’s accuracy (PA) is the number of correctly identified pixels divided by the total number
of pixels in the reference image; it gives a false negative, where pixels of a known class are classified as
something other than that particular class.
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3. Results
3.1. Spectral Library for CWC Site
The mean spectra of the 10 ROIs selected for the CWC site are shown in Figure 2. Mud and bedrock
have an almost constant level of reflectance along all wavelengths. The bedrock shows a deflection
point at 473 nm, with a minimum at 500 nm (Figure 2A,B). The sponge 1 has an inflection point at
500 nm and an increasing trend between 555 and 680 nm (from green to red) (Figure 2C). Sponge 2
and 3 display similar patterns with a dissimilar level of reflectance due to different illumination, an
inflection point at 530 nm and highest values in the orange/red part of the spectrum between 630 nm
and 670 nm. Sponge 4 has a slightly different shape and a smoothed slope, possibly caused by a
minor colour difference. Despite all sponges seem to pertain to the same morphotype (belonging to
the white/orange large fan-shaped P. compressa and/or P. monilifera), it is not possible to attribute the
accurate species to each ROI and to each spectrum (Figure 2D). The colonial cnidarian 2 and 3 have a
spectral signature with a similar pattern, constant along the entire wavelength range, with a difference
in the level of reflectance, while colonial cnidarian 1 shows a slight peak in the blue part of the spectrum
(about 470 nm) (Figure 2E). According to previous studies (e.g., [35,36,38,43,56]), we can assume that
the most probable species belong to M. oculata, while the D. pertusum appears to be rarer in this site.
For benthic classes with multiple ROIs (colonial cnidarian, sponge and bedrock), we analyzed
the spectral differences and considered the mean for spectra with the same pattern but a different
reflectance intensity (Figure 2F). The three ROIs of the colonial cnidarians are recognized as a unique
class, because the peak in the blue part of the spectrum for colonial cnidarian 1 is considered an artefact.Sensors 2019, 19, x FOR PEER REVIEW 9 of 19 
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3.2. Spectral Library for the Coralligenous Site
The mean spectra of the 13 ROIs selected for the coralligenous site are shown in Figure 3.
The CCA+P1, CCA+P2, CCA+P3 have the inflection point at 600 nm with a maximum between 630
and 670 nm in the red part of the spectrum. The wide range of standard deviation probably reflects the
high biodiversity of this category. We can assume that the three spectra, with a similar pattern and a
different level of reflectance intensity, belong to the same benthic class CCA+P.
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at 650 and 680 nm in the red part of the spectrum. The serpulids show an almost constant spectrum
with a small inflection at 610 nm. The two species belonging to the genus Axinella have similar spectra
with a maximum between 630 and 670 nm (red part of the spectrum). The sand has a constant value of
reflectance along all wavelengths.
3.3. Supervised Classification Results for CWC Site
Based upon the previous considerations about the spectra, we can define six benthic classes for
the final classification: (1) colonial cnidarian, (2) sponge 1, (3) sponge 2+3, (4) sponge 4, (5) mud
and (6) bedrock (Figure 4). The mud class results were the most dominant (40%) followed by the
bedrock (23.6%). The colonial cnidarian class is scattered along the track with a total coverage of
0.4%, the sponge classes (sponge 1, sponge 2+3, sponge 4) are patchy with a total coverage of 0.3%.
The illumination problems, due to low lamp potential, ROV orientation and dipping of the substrate
(the canyon flank in this site is up to 25◦), cause a homogenous dark shading on the right (deeper)
section of the image. This results in a high percentage of unclassified pixels (26.5%), also including
colonial cnidarians and sponges still visible on the RGB image. However, these technical issues do not
prevent the clear discrimination of the benthic classes and the estimation of percentage cover.
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3.4. Supervised Classification Results for Coralligenous Site
For the coralligenous we defined 10 benthic classes for the final classification (Figure 5), according
to the analysis of spectral signatures: (1) CCA+P, (2) green algae 1+2, (3) C. prol fera, (4) P. oceanica,
(5) Axinella sp. 1, (6) Axinella sp. 2, (7) serp lids, (8) E. sepositus, (9) H. papillosa 10) Sand. The sand
class is the most dominant in the area with a coverage of 60%. The build-ups re generally well
discriminated along the entire track with a coverage of 29% for CCA+P and 8% for the gre n algae on
build-ups (Green algae 1+2). The SAM identifies well gre n algae C. prolifera (Green algae 3) and the
seagrass P. oceanica with a coverage of 0.7% and 0.9% of the total classified area, respectively. The taxa
ssociated with coralligenous are easily distinguish ble with a total coverage of 0.13%. We highlight
the low percent ge of unclassified pixel (1.5% in total).
3.5. Classification accuracy for CWC and Coralligenous Sites
The CWC SAM has a high overall accuracy (84.38%) as determined from the confusion matrix
comparing the predicted classes with the real classes (see Table 3). The colonial cnidarian class gives
100% UA and 87.5% PU showing the presence of a minimum number of false negative along the
deepest section of the analysed segment. The sponges (sponge 1, sponge 2+3, sponge 4) show a lower
value in terms of PA (87.50%) than UA (100%) due to the presence of false negative. The bedrock and
mud classes show almost the same accuracy (>60% both for PA and UA) both for the presence of false
negative and positive.
Sensors 2019, 19, 2261 11 of 18
Sensors 2019, 19, x FOR PEER REVIEW 11 of 19 
 
sponge classes (sponge 1, sponge 2+3, sponge 4) are patchy with a total coverage of 0.3%. The 
illumination problems, due to low lamp potential, ROV orientation and dipping of the substrate (the 
canyon flank in this site is up to 25°), cause a homogenous dark shading on the right (deeper) section 
of the image. This results in a high percentage of unclassified pixels (26.5%), also including colonial 
cnidarians and sponges still visible on the RGB image. However, these technical issues do not 
prevent the clear discrimination of the benthic classes and the estimation of percentage cover. 
 
Figure 4. RGB UHI image of the CWC site in A and its SAM classification in B. 
3.4. Supervised Classification Results for Coralligenous Site 
For the coralligenous we defined 10 benthic classes for the final classification (Figure 5), 
according to the analysis of spectral signatures: (1) CCA+P, (2) green algae 1+2, (3) C. prolifera, (4) P. 
oceanica, (5) Axinella sp. 1, (6) Axinella sp. 2, (7) serpulids, (8) E. sepositus, (9) H. papillosa, (10) Sand. 
The sand class is the most dominant in the area with a coverage of 60%. The build-ups are generally 
well discriminated along the entire track with a coverage of 29% for CCA+P and 8% for the green 
algae on build-ups (Green algae 1+2). The SAM identifies well green algae C. prolifera (Green algae 3) 
and the seagrass P. oceanica with a coverage of 0.7% and 0.9% of the total classified area, respectively. 
The taxa associated with coralligenous are easily distinguishable with a total coverage of 0.13%. We 
highlight the low percentage of unclassified pixel (1.5% in total).  
 
Figure 5. RGB UHI image of the coralligenous site in A and its SAM classification in B. 
3.5. Classification accuracy for CWC and Coralligenous Sites 
The CWC SAM has a high overall accuracy (84.38%) as determined from the confusion matrix 
comparing the predicted classes with the real classes (see Table 3). The colonial cnidarian class gives 
Figure 5. RGB UHI image of the coralligenous site in A and its SAM classification in B.
The overall accuracy of the SAM for the coralligenous is 72% (see Table 4). There is a high
discrepancy between PA and UA for the P. oceanica and C. prolifera (Green algae 3) classes with no
commission errors (100% UA), but with a level of reliability of 37.5% and 50% due to a higher o ission
errors. For the sand class, the UA is extremely low (25%) because of the high number of false positive.
For the CCA+P both PA and UA are 100%. The green algae on build-ups (green algae 1+2) shows no
false positives (100% UA) and a PA higher than the overall value (87.5%). In general, all organisms
associated with the coralligenous build-ups have a high level of accuracy (> 88% both for PA and UA),
with the exception of Axinella sp. 1 (75% PA) showing the presence of false negatives.
Table 3. Confusion Matrix for the CWC site classification.
Overall Accuracy 84.38%
Mud Sponge Bedrock C. cnidarian TOT UA
Mud 7 0 2 1 10 67.78
Sponge 0 7 0 0 7 100.00
Bedrock 1 1 6 0 8 66.67
C. cnidarian 0 0 0 7 7 100.00
TOT 8 8 8 8 32
PA 87.50 87.50 75.00 87.5
Table 4. Confusion Matrix for the coralligenous site classification.
Overall Accuracy 72%
Serpulids E.sepositus
H.
papillosa
Axinella
sp.1
Axinella
sp.2 CCA+P
Green
Algae 3 Sand
P.
oceanica
Green
Algae 1+2 TOT UA
Serpulids 7 0 0 0 0 0 0 0 0 0 7 100.0
E. sepositus 0 8 0 0 0 0 0 0 0 0 8 100.0
H. papillosa 0 0 8 1 0 0 0 0 0 0 9 88.9
Axinella sp.1 0 0 0 6 0 0 0 0 0 0 6 100.0
Axinella sp.2 0 0 0 0 8 0 0 0 0 0 8 100.0
CCA+P 1 0 0 1 0 8 0 1 0 0 11 61.5
Green algae 3 0 0 0 0 0 0 3 0 0 0 3 100.0
Sand 0 0 0 0 0 0 5 5 4 1 15 25.0
P. oceanica 0 0 0 0 0 0 0 0 4 0 4 100.0
Green algae
1+2 0 0 0 0 0 0 0 2 0 7 9 70.0
TOT 8 8 8 8 8 8 8 8 8 8 80
PA 87.5 100 100 75 100 100 37.5 62.5 50 87.5
4. Discussion
4.1. Evaluation of the Acquisition Set-up and Suggestion of Best Practice for Data Collection
The acquisition of high-quality UHI is challenging because of the requirements to perform
a satisfactory survey, such as maintaining a constant speed, heading and altitude, as well as
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high-resolution navigation data [5–7]. Proper illumination is mandatory to avoid the acquisition of
“striped” images, characterised by shadowed and hyper-illuminated areas, leading to misclassification
of the acquired images.
In our survey, the ROV met most requirements, yet seafloor illumination and navigation data
were not optimal. At both sites, the illumination was uneven due to a non-optimal configuration of
the lamps (two lamps for the ROV RGB camera running simultaneously with two UHI lamps) and
articulated topography. This condition affected the CWC site the most, where pixels on the western
side of the image, characterised by a constant darker area, could not be strictly compared to those of the
eastern side. For the coralligenous site, the presence of sunlight improved the condition, giving a more
homogeneous illumination of the surveyed track, which was also favoured by a rather flat topography.
Furthermore, the low accuracy of the underwater positioning system sometimes induced image
distortion and a lower spatial resolution of the geocorrected images, more evident at the CWC site.
Finally, the difficulty in maintaining the correct ROV altitude in areas characterized by seafloor
heterogeneity, a common trait at both study sites, may have influenced the reliability of UHI acquisition
and, therefore, classification [26].
Based on our experience, we can summarise some best practices needed to acquire good quality
hyperspectral images using an ROV. A rigorous UHI survey functional to seafloor mapping requires:
• an ROV ensuring a constant heading and altitude above the seafloor and suitable to host the UHI
and other devices (e.g., RGB camera, lamps);
• an efficient positioning system for the ROV and the UHI itself, able to provide accurate and
adequately dense navigation data;
• an appropriate lamp system to illuminate the surveyed area uniformly in function of water depth
and sunlight;
• an RGB camera mounted vertically alike the UHI camera, to record concomitantly the seafloor for
the OOI identification;
• an advanced background knowledge of the target area.
4.2. Evaluation of Spectral Libraries for Seafloor Mapping
A spectral library permits a quick and reliable classification of benthic habitats and their individual
components up to taxonomic level, if a substantial number of reference spectra has been filed [7].
Its construction represents one of the most challenging and time-consuming aspects of the automatic
classification of the UHI images.
In this perspective, it appears obvious that there is a strong need to implement substantially the
spectral library with respect to the deep-water scleractinians (CWCs). Living M. oculata appears to
contain a variety of colored facies from white to pinkish hues [64]. The same holds true for D. pertusum,
a species also present at the CWC site here considered, whose living colonies cover a chromatic
spectrum from white to orange, up to reddish [65,66]. Dead skeletons of these and other CWCs are
often co-occurring, further complicating the hyperspectral approach as they are characterized by
whitish, yellowish and brownish colours. However, UHI is documented [5] to discriminate the optical
fingerprints of white, orange and dead D. pertusum.
A robust sponge taxonomic classification requires the analysis of spicules and genetics, while
the external morphology or colour commonly provides only an indication of ‘morpho-species’ or
‘morpho-categories’ [67]. In the specific case of the deep-water situation here considered, the large
fan-shaped sponges (i.a., P. compressa and P. monilifera, often co-occurring together with other sponges)
are characterized by a wide range of colours even within the same taxon [36,68–70]. Therefore, collected
spectra are not unequivocally associated to species, making difficult a precise taxonomic assignment.
The resilient core of the Coralligenous habitat is hard, hosting a variety of fauna and flora, the latter
often seasonal and epibiontic. At times, such seasonal overgrowth may mask, often significantly but
ephemerally, the underlying substrate provided by CCA and Peyssonelliales. These considerations
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are relevant in defining the spectral library associated with coralligenous as a unique habitat, when
tested using the UHI camera. Concerning algae, supervised UHI classification was unable to map
accurately different red algae species, due to their similarity on the optical fingerprint, deciding instead
for grouping [26]. We tested that the spectral fingerprint of CCA and Peyssonelliales as an opting
group is conspicuous enough to be distinguished in the natural environment, where their presence
prevails with seasonal and accidental signals (such as green algae bloom or megabenthos).
4.3. SAM Classification
For our scope, the SAM classification is considered ideal because it is intensity independent (LED
lamps and sunlight illumination) and focuses only on identifying the spectral similarity (i.e., colour).
The SAM method can eliminate the effect of the spectral brightness values (i.e., spectral vector lengths
in feature space) on the classification and it is insensitive to the data variance, imparting a significant
advantage for the analysis of regions with complex terrain [63]. On the other hand, this method is
highly dependent on the wavelength ranges and on the thresholds selected, which are arbitrary [62].
In our study, we choose several ROIs for the same benthic class for different illumination conditions,
because the illumination is not influencing only the reflectance intensity, but also colour variation (e.g.,
colonial cnidarian 1 in Figure 2E results blue).
At the CWC site, SAM was functional in recognizing colonial cnidarians and sponges. However,
the method proved inadequate in discriminating between mud and bedrock substrates, probably
characterized here by similar spectra, hampering a reliable mapping of the seafloor (Figure 4 B).
The CCA+P and associated organisms were correctly classified at the coralligenous site, despite
habitat heterogeneity. Green algae as C. bursa and F. petiolata (Green algae 1+2) appear overestimated,
since SAM imported artifacts such as the build-up shadows and distortions (Figure 6).
Sensors 2019, 19, x FOR PEER REVIEW 14 of 19 
 
4.3. SAM Classification  
For our scope, the SAM classification is considered ideal because it is intensity independent 
(LED lamps and sunlight illumination) and focus s only on identifying th  spectral similarity (i.e., 
colour). The SAM method can eliminate the effect of the spectral brigh nes  values (i.e., spectral 
vector lengths in feature space) on the classification and it is insen it ve to the data variance, 
mp rting a significant advantage for the analy is of regions with complex terrain [63]. On the other 
hand, this method is highly d pendent on the wavelength ranges and n the thresholds selected, 
which are arbitrary [62]. In our study, we choose several ROIs for the same benthic class for different 
illumination conditi ns, because the illumination is not influencing only the reflec ance i tensity  
ut al o colour variation (e.g. colonial c idarian 1 in Figure 2 E r sul s bl e).  
At the CWC site, SAM wa  functional in recognizing colonial cnidarians and sponges. 
However, the method proved inadequate i  discrimi ating between mud and bedrock substrates  
probably characterized h re by s milar spectr , hampering a reliable mapping of the seafloor (Figure 
4 B).  
       fi       
 heterogeneity. Green algae as C. bursa and F. p tiol ta (Green algae 1+2) app ar 
overestimated, since SAM imported artifacts s ch as the build-up shadows and distortions (Figure 
6).  
 
Figure 6. Zoom in the classified segment of coralligenous site, where numbers indicate the organism 
identified (A) and classified (B): 1. C. bursa, 2. H. papillosa, 3. Axinella sp. 1, 4. E. sepositus, 5. C. prolifera, 
6. P. oceanica, 7. Serpulids. For the colour legend in B, see Figure 5. 
According to confusion matrices limited to the dataset analysed in this study, the SAM 
classification accuracy is higher for the CWC (84.38%) than for the coralligenous (72%) site. This 
result could derive from differences in habitat complexity. Firm numbers on the overall classification 
accuracy could be obtained by increasing the number of iterations or considering a larger dataset. 
4.4. Evaluation of the UHI for seabed monitoring 
Our tests document that the UHI method is able to map the habitat extent independently of the 
water depth and at a high level of spatial detail. The UHI provides the effective spatial coverage of 
. fi ,
i tifi ( ) classified (B): 1. . rsa, 2. . ill s , . i ll . , . . it , . . pr lif ,
. . e i , . r li . r t l r l i , i r .
Sensors 2019, 19, 2261 14 of 18
According to confusion matrices limited to the dataset analysed in this study, the SAM classification
accuracy is higher for the CWC (84.38%) than for the coralligenous (72%) site. This result could derive
from differences in habitat complexity. Firm numbers on the overall classification accuracy could be
obtained by increasing the number of iterations or considering a larger dataset.
4.4. Evaluation of the UHI for Seabed Monitoring
Our tests document that the UHI method is able to map the habitat extent independently of the
water depth and at a high level of spatial detail. The UHI provides the effective spatial coverage
of CWCs habitat-formers and coralligenous builds-ups (Figure 7), which is hard to estimate using
conventional methods. This level of detail is extremely useful for monitoring purposes (e.g., MSFD)
enabling a quantitative and repeatable measure of habitat extent and distribution. However, this
process is heavily time-consuming compared to the conventional ROV approach, mostly due to
inadequate spectral libraries, which is the major limitation to date.
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5. Conclusions
This first application of the UHI camera in the Mediterranean Sea (Southern Adriatic Sea)
confirmed its potential for underwater habitat mapping in shallow and deep water.
We tested the UHI camera in two geomorphological contexts containing charismatic marine
benthic habitats. We noticed that the quality of the positioning system, the illumination settings and
the complexity of the seafloor affected the UHI performance and the hyperspectral image analysis. We
created a preliminary spectral library for each site enabling a supervised classification (SAM), which
discriminated between substrates, megafauna and megaflora in a satisfactory manner.
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Given substantially implemented spectral libraries, the UHI camera will likely represent a valid
aid for habitat mapping and monitoring, in the perspective of quantifiable and repeatable classifications
and European MSFD indicators.
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Author Contributions: Conceptualization, Federica Foglini; Data curation, Valentina Grande, Fabio Marchese,
Valentina Alice Bracchi, Mariacristina Prampolini, Ingrid Myrnes Hansen, Magne Gudmundsen and Agostino
Niyonkuru Meroni; Formal analysis, Federica Foglini, Valentina Grande, Fabio Marchese, Valentina Alice Bracchi,
Mariacristina Prampolini and Giorgio Castellan; Funding acquisition, Federica Foglini, Fabio Badalamenti,
Cesare Corselli, Eleonora Martorelli and Alessandra Savini; Investigation, Federica Foglini, Valentina Grande,
Fabio Marchese, Mariacristina Prampolini, Lorenzo Angeletti, Giovanni Chimienti, Agostino Niyonkuru Meroni,
Alessandra Mercorella, Agostina Vertino and Marco Taviani; Resources, Ivar Erdal ; Validation, Federica Foglini;
Writing—original draft, Federica Foglini, Valentina Grande, Fabio Marchese, Valentina Alice Bracchi, Mariacristina
Prampolini, Lorenzo Angeletti, Giovanni Chimienti, Ingrid Myrnes Hansen, Fabio Badalamenti, Eleonora
Martorelli and Marco Taviani.
Funding: Flagship Project RITMARE (La Ricerca Italiana per il Mare) and EVER-EST projects (ID: 674907).
Acknowledgments: Captain, crew and scientific staff on-board of the R/V Minerva Uno and three ROV pilots are
acknowledged for their support during the operations at sea. The research is part of the National Flagship Project
RITMARE (La Ricerca Italiana per il Mare), and a contribution to EU EVER-EST, EU IDEM and MIUR GLIDE
projects. ISMAR-CNR Bologna scientific contribution n. 1996. This paper is a scientific contribution of Project
MIUR—Dipartimenti di Eccellenza 2018–2022.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Brown, C.J.; Smith, S.J.; Lawton, P.; Andersond, J.T. Benthic habitat mapping: A review of progress towards
improved understanding of the spatial ecology of the seafloor using acoustic techniques. Estuar. Coast. Shelf
Sci. 2011, 92, 502–520. [CrossRef]
2. Angeletti, L.; Bargain, A.; Foglini, F.; Grande, V.; Prampolini, M.; Taviani, M. Cold-water coral multiscale
habitat mapping: Methodologies and perspectives. In Mediterranean Cold-Water Corals: Past, Present and
Future, Coral Reefs of the World; Orejas, C., Jiménez, C., Eds.; Springer International Publishing: Berlin,
Germany, 2019; Volume 9.
3. Lim, A.; Wheeler, A.J.; Arnaubec, A. High-resolution facies zonation within a cold-water coral mound: The
case of the Piddington Mound, Porcupine Seabight, NE Atlantic. Mar. Geol. 2017, 390, 120–130. [CrossRef]
4. Berg, T.; Fürhaupter, K.; Teixeira, H.; Uusitalo, L.; Zampoukas, N. The Marine Strategy Framework Directive
and the ecosystem-based approach–pitfalls and solutions. Mar. Pollut. Bull. 2015, 96, 18–28. [CrossRef]
5. Johnsen, G.; Volent, Z.; Dierssen, H.; Pettersen, R.; Ardelan, M.V.; Søreide, F.; Fearns, P.; Ludvigsen, M.;
Moline, M. Underwater hyperspectral imagery to create biogeochemical maps of seafloor properties. In Subsea
Optics and Imaging, 1st ed.; Watson, J., Zielinski, O., Eds.; Elsevier: Amsterdam, the Netherlands, 2013;
pp. 508–540.
6. Dumke, I.; Nornes, S.M.; Purser, A.; Marcon, Y.; Ludvigsen, M.; Ellefmo, S.L.; Johnsen, G.; Søreide, F. First
hyperspectral imaging survey of the deep seafloor: High-resolution mapping of manganese nodules. Remote
Sens. Environ. 2018, 209, 19–30. [CrossRef]
7. Dumke, I.; Purser, A.; Marcon, Y.; Nornes, S.M.; Johnsen, G.; Ludvigsen, M.; Søreide, F. Underwater
hyperspectral imaging as an in situ taxonomic tool for deep-sea megafauna. Sci. Rep. 2018, 8, 12860.
[CrossRef] [PubMed]
8. Klonowski, W.M.; Fearns, P.R.C.S.; Lynch, M.J. Retrieving key benthic cover types and bathymetry from
hyperspectral imagery. JARS 2007, 1, 011505. [CrossRef]
9. Volent, Z.; Johnsen, G.; Sigernes, F. Kelp forest mapping by use of airborne hyperspectral imager. J. Appl.
Remote Sens. 2007, 1, 011505. [CrossRef]
10. Fearns, P.R.C.; Klonowski, W.; Babcock, R.C.; England, P.; Phillips, J. Shallow water substrate mapping using
hyperspectral remote sensing. Cont. Shelf Res. 2011, 31, 1249–1259. [CrossRef]
11. Chang, C.; Member, S.; Du, Q. Estimation of Number of Spectrally Distinct Signal Sources in Hyperspectral
Imagery. IEEE Trans. Geosci. Remote Sens. 2004, 42, 608–619. [CrossRef]
Sensors 2019, 19, 2261 16 of 18
12. Dickey, T.; Lewis, M.; Chang, G. Optical oceanography: Recent advances and future directions using global
remote sensing and in situ observations. Rev. Geophys. 2006, 44, 1–39. [CrossRef]
13. Dierssen, H.M.; Randolph, K. Remote Sensing of Ocean Color. In Earth System Monitoring; Orcutt, J., Ed.;
Springer: New York, NY, USA, 2013; pp. 439–472. ISBN 978-1-4614-5683-4.
14. Hochberg, E.J.; Atkinson, M.J. Spectral discrimination of coral reef benthic communities. Coral Reefs 2000, 19,
164–171. [CrossRef]
15. Hochberg, E.J.; Atkinson, M.J.; Andréfouët, S. Spectral reflectance of coral reef bottom-types worldwide and
implications for coral reef remote sensing. Remote Sens. Environ. 2003, 85, 159–173. [CrossRef]
16. Kutser, T.; Miller, I.; Jupp, D.L.B. Mapping coral reef benthic substrates using hyperspectral space-borne
images and spectral libraries. Estuar. Coast. Shelf Sci. 2006, 70, 449–460. [CrossRef]
17. Petit, T.; Bajjouk, T.; Mouquet, P.; Rochette, S.; Vozel, B.; Delacourt, C. Hyperspectral remote sensing of coral
reefs by semi-analytical model inversion—Comparison of different inversion setups. Remote Sens. Environ.
2017, 190, 348–365. [CrossRef]
18. Phinn, S.; Roelfsema, C.; Dekker, A.; Brando, V.; Anstee, J. Mapping seagrass species, cover and biomass in
shallow waters: An assessment of satellite multi-spectral and airborne hyper-spectral imaging systems in
Moreton Bay (Australia). Remote Sens. Environ. 2008, 112, 3413–3425. [CrossRef]
19. Dierssen, H.M. Overview of hyperspectral remote sensing for mapping marine benthic habitats from airborne
and underwater sensors. In Imaging Spectrometry XVIII, Proceedings of SPIE- International Society for Optics and
Photonics, San Diego, CA, USA, 26–28 August 2013; Mouroulis, P., Ed.; 2013; Volume 8870.
20. Dierssen, H.M.; Chlus, A.; Russell, B. Hyperspectral discrimination of floating mats of seagrass wrack and
the macroalgae Sargassum in coastal waters of Greater Florida Bay using airborne remote sensing. Remote
Sens. Environ. 2015, 167, 247–258. [CrossRef]
21. Chennu, A.; Färber, P.; Volkenborn, N.; Al-Najjar, M.A.A.; Janssen, F.; de Beer, D.; Polerecky, L. Hyperspectral
imaging of the microscale distribution and dynamics of microphytobenthos in intertidal sediments. Limnol.
Oceanogr. Methods 2013, 11, 511–528. [CrossRef]
22. Pettersen, R.; Johnsen, G.; Bruheim, P.; Andreassen, T. Development of hyperspectral imaging as a bio-optical
taxonomic tool for pigmented marine organisms. Org. Divers. Evol. 2014, 14, 237–246. [CrossRef]
23. Ludvigsen, M.; GJohnsen, G.; Sørensen, A.J.; Lågstad, P.A.; Ødegård, Ø. Scientific operations combining
ROV and AUV in the Trondheim Fjord. Mar. Technol. Soc. J. 2014, 48, 59–71. [CrossRef]
24. Tegdan, J.; Ekehaug, S.; Hansen, I.M.; Sandvik Aas, L.M.; Steen, K.J.; Pettersen, R.; Beuchel, F.; Camus, L.
Underwater hyperspectral imaging for environmental mapping and monitoring of seabed habitats.
In Proceedings of the OCEANS 2015, Genova, Italy, 18–21 May 2015; pp. 1–6.
25. Johnsen, G.; Ludvigsen, M.; Sørensen, A.; Sandvik Aas, L.M. The use of underwater hyperspectral imaging
deployed on remotely operated vehicles—Methods and applications. IFAC 2016, 49, 476–481. [CrossRef]
26. Mogstad, A.A.; Johnsen, G. Spectral characteristics of coralline algae: A multi-instrumental approach, with
emphasis on underwater hyperspectral imaging. Appl. Opt. 2017, 56, 9957. [CrossRef]
27. Ødegård, Ø.; Mogstad, A.A.; Johnsen, G.; Sørensen, A.J.; Ludvigsen, M. Underwater hyperspectral imaging:
A new tool for marine archaeology. Appl. Opt. 2018, 57, 3214. [CrossRef]
28. Sture, Ø.; Ludvigsen, M.; Søreide, F.; Sandvik Aas, L.M. Autonomous underwater vehicles as a platform for
underwater hyperspectral imaging. In Proceedings of the OCEANS 2017, Aberdeen, UK, 19–22 June 2017;
pp. 1–8.
29. Cochrane, S.K.J.; Ekehaug, S.; Refit, E.C.; Hansen, I.M.; Sandvik Aas, L.M. Detection of deposited drill
cuttings on the sea floor—A comparison between underwater hyperspectral imagery and the human eye.
Mar. Pollut. Bull. 2019. in review.
30. Ødegård, Ø.; Sørensen, A.J.; Hansen, R.E.; Ludvigsen, M. A new method for underwater archaeological
surveing using sensors and unmanned platforms. IFAC-PapersOnLine 2016, 49, 486–493.
31. Letnes, P.A.; Hansen, I.M.; Sandvik Aas, L.M.; Eide, I.; Pettersen, R.; Tassara, L. Underwater hyperspectral
classification of deep sea corals exposed to 2-methylnaphthalene. PLoS ONE 2019, 14, e0209960. [CrossRef]
32. Foglini, F.; Angeletti, L.; Bracchi, V.A.; Chimienti, G.; Grande, V.; Hansen, I.M.; Meroni, A.N.; Marchese, F.;
Mercorella, A.; Prampolini, M.; et al. Underwater Hyperspectral Imaging for seafloor and benthic habitat
mapping. In Proceedings of the 2018 IEEE International Workshop on Metrology for the sea (MetroSea 2018),
Bari, Italy, 8–10 October 2018; pp. 201–205.
Sensors 2019, 19, 2261 17 of 18
33. Gavazzi, G.M.; Madricardo, F.; Janowski, L.; Kruss, A.; Blondel, P.; Sigovini, M.; Foglini, F. Evaluation of
seabed mapping methods for fine-scale classification of extremely shallow benthic habitats—Application to
the Venice Lagoon, Italy. Estuar. Coast. Shelf Sci. 2016, 170, 45–60. [CrossRef]
34. Ingrosso, G.; Abbiati, M.; Badalamenti, F.; Bavestrello, G.; Belmonte, G.; Cannas, R.; Benedetti-Cecchi, L.;
Bertolino, M.; Bevilacqua, S.; Bianchi, C.N.; et al. Mediterranean Bioconstructions Along the Italian Coast.
Adv. Mar. Biol. 2018, 79, 61–136.
35. Freiwald, A.; Beuck, L.; Rüggeberg, A.; Taviani, M.; Hebbeln, D.; R/V Meteor Cruise M70-1 Participants.
The white coral community in the Central Mediterranean Sea Revealed by ROV Surveys. Oceanography 2009,
22, 58–74. [CrossRef]
36. Angeletti, L.; Taviani, M.; Canese, S.; Foglini, F.; Mastrototaro, F.; Argnani, A.; Trincardi, F.; Bakran-Petricioli, T.;
Ceregato, A.; Chimienti, G.; et al. New deep-water cnidarian sites in the southern Adriatic Sea. Mediterr.
Mar. Sci. 2014, 15, 263–273. [CrossRef]
37. D’Onghia, G.; Capezzuto, F.; Cardone, F.; Carlucci, R.; Carluccio, A.; Chimienti, G.; Corriero, G.; Longo, C.;
Maiorano, P.; Mastrototaro, F.; et al. Macro-and megafauna recorded in the submarine Bari Canyon (southern
Adriatic, Mediterranean Sea) using different tools. Mediterr. Mar. Sci. 2015, 16, 180–196. [CrossRef]
38. Taviani, M.; Angeletti, L.; Beuck, L.; Campiani, E.; Canese, S.; Foglini, F.; Freiwald, A.; Montagna, P.;
Trincardi, F. Reprint of ‘On and off the beaten track: Megafaunal sessile life and Adriatic cascading processes’.
Mar. Geol. 2016, 375, 146–160. [CrossRef]
39. Taviani, M.; Angeletti, L.; Cardone, F.; Montagna, P.; Danovaro, R. A unique and threatened deep water
coral-bivalve biotope new to the Mediterranean Sea offshore the Naples megalopolis. Sci. Rep. 2019, 9, 3411.
[CrossRef] [PubMed]
40. Chimienti, G.; Bo, M.; Taviani, M.; Mastrototaro, F. Occurrence and Biogeography of Mediterranean
Cold-Water Corals. In Mediterranean Cold-Water Corals: Past, Present and Future, Coral Reefs of the World;
Orejas, C., Jiménez, C., Eds.; Springer International Publishing: Berlin, Germany, 2019; Volume 9. (in press)
41. Foglini, F.; Angeletti, L.; Campiani, E.; Correggiari, A.; Grande, V.; Leidi, E.; Madricardo, F.; Mercorella, A.;
Remia, R.; Taviani, M. Habitat mapping in the Adriatic (Mediterranean Sea) from coastal areas to deep sea:
Approaches and methodologies for assessing seafloor habitat for sustainable and integrated sea management
strategy. In Proceedings of the GeoHab 2015, Salvador, Brazil, 3–8 May 2015.
42. Sanfilippo, R.; Vertino, A.; Rosso, A.; Beuck, L.; Freiwald, A.; Taviani, M. Serpula aggregates and their role in
deep-sea coral communities in the southern Adriatic Sea. Facies 2013, 59, 663–677. [CrossRef]
43. Bargain, A.; Foglini, F.; Pairaud, I.; Bonaldo, D.; Carniel, S.; Angeletti, L.; Taviani, M.; Rochette, S.; Fabri, M.C.
Predictive habitat modeling in two Mediterranean canyons including hydrodynamic variables. Prog. Oceanogr.
2018, 169, 151–168. [CrossRef]
44. Addamo, A.M.; Vertino, A.; Stolarski, J.; García-Jiménez, R.; Taviani, M.; Machordom, A. Merging scleractinian
genera: The overwhelming genetic similarity between solitary Desmophyllum and colonial Lophelia. BMC
Evol. Biol. 2016, 16, 108. [CrossRef]
45. Bracchi, V.; Savini, A.; Marchese, F.; Palamara, S.; Basso, D.; Corselli, C. Coralligenous habitat in the
Mediterranean Sea: A geomorphological description from remote data. Ital. J. Geosci. 2015, 134, 32–40.
[CrossRef]
46. Bracchi, V.A.; Basso, D.; Marchese, F.; Corselli, C.; Savini, A. Coralligenous morphotypes on subhorizontal
substrate: A new categorization. Cont. Shelf Res. 2017, 144, 10–20. [CrossRef]
47. Laborel, J. Le concrétionnement algal ‘coralligène’ et son importance geomorphologique en Méditerranée.
Recueil des travaux Station Marine d’Endoume 1961, 23, 37–60.
48. Pérès, J.M.; Picard, J. Nouveau manuel de bionomie benthique de la mer Méditerranée. Recent Trav. De La
Stn. Mar. De Endoume 1964, 31, 1–137.
49. Bellan-Santini, D.; Lacaze, J.C.; Poizat, C. Les biocénoses marines et littorales de Méditerranée, synthèse,
menaces et perspectives. Collection Patrimoines Naturels. Muséum National d’Histoire Naturelle 1994, 19, 1–246.
50. Bressan, G.; Babbini, I.; Ghirardelli, L.; Basso, D. Bio-costruzione e bio-distruzione di corallinales nel Mar
Mediterraneo. Biol. Mar. Mediterr. 2001, 8, 131–174.
51. Ballesteros, E. Mediterranean coralligenous assemblages: A synthesis of present knowledge. Oceanogr. Mar.
Biol. Annu. Rev. 2006, 44, 123–195.
52. Piazzi, L.; Gennaro, P.; Balata, D. Threats to macroalgal coralligenous assemblages in the Mediterranean Sea.
Mar. Poll. Bull. 2012, 64, 2623–2629. [CrossRef]
Sensors 2019, 19, 2261 18 of 18
53. Chimienti, G.; Stithou, M.; Mura, I.D.; Mastrototaro, F.; D’Onghia, G.; Tursi, A.; Izzi, C.; Fraschetti, S. An
explorative assessment of the importance of Mediterranean Coralligenous habitat to local economy: The
case of recreational diving. J. Environ. Account. Manag. 2017, 5, 315–325. [CrossRef]
54. Sarà, M. Research on Benthic Fauna of Southern Adriatic Italian Coast: Final Scientific Report; Office of Naval
Research: Washington, DC, USA, 1968; pp. 1–53.
55. Sarà, M. Un biotopo da proteggere: Il coralligeno pugliese. In Proceedings of the Atti del I Simposio
Nazionale sulla Conservazione della Natura, Bari, Italy, 21–25 April 1971; pp. 145–151.
56. Angeletti, L.; Prampolini, M.; Foglini, F.; Grande, V.; Taviani, M. Cold-water coral habitat in the Bari Canyon
System, Southern Adriatic Sea (Mediterranean Sea). In Seafloor Geomorphology as Benthic Habitat, 2nd ed.;
Harris, P., Baker, E., Eds.; Elsevier: Amsterdam, the Netherlands, 2019. (in press)
57. Johnsen, G.; Volent, Z.; Sakshaug, E.; Sigernes, F.; Pettersson, L. Remote sensing in the Barents Sea. In Ecosystem
Barents Sea; Sakshaug, E., Johnsen, G.H., Kovacs, K.M., Eds.; Fagbokforlaget: Bergen, Norway, 2009; Volume
2, pp. 139–166.
58. Dukan, F.; Ludvigsen, M.; Sorensen, A.J. Dynamic positioning system for a small size ROV with experimental
results. In Proceedings of the IEEE OCEANS, Santander, Spain, 6–9 June 2011; pp. 1–10. [CrossRef]
59. Williams, D.J.; Shah, M. A fast algorithm for active contours and curvature estimation. CVGIP Image Under.
1992, 55, 14–26. [CrossRef]
60. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2013; Available online: http://www.R-project.org/ (accessed on 18 May 2019).
61. Kruse, F.A.; Heidebrecht, K.B.; Shapiro, A.T.; Barloon, P.J.; Goetz, A.F.H. The Spectral Image Processing
System (SIPS) Interactive Visualization and Analysis of Imaging Spectrometer Data. Remote Sens. Environ.
1993, 44, 145–163. [CrossRef]
62. Crósta, A.P.; Sabine, C.; Taranik, J.V. Hydrothermal Alteration Mapping at Bodie, California, Using AVIRIS
Hyperspectral Data. Remote Sens. Environ. 1998, 64, 309–319. [CrossRef]
63. Liu, Y.; Lu, S.; Lu, X.; Wang, Z.; Chen, C.; He, H. Classification of Urban Hyperspectral Remote Sensing
Imagery Based on Optimized Spectral Angle Mapping. J. Indian Soc. Remote Sens. 2019, 47, 289–294.
[CrossRef]
64. Boland, G.S.; Etnoyer, P.J.; Fisher, C.R.; Hickerson, E.L. State of deep-sea coral and sponge ecosystems of the
Gulf of Mexico Region: Texas to the Florida Straits. In The State of Deep-Sea Coral and Sponge Ecosystems of the
United States; Hourigan, T.F., Etnoyer, P.J., Cairns, S.D., Eds.; NOAA Tech. Memo. NMFS-OHC-4; Silver
Spring: Silver, MD, USA, 2017; pp. 321–378.
65. Freiwald, A. Geobiology of Lophelia pertusa (Scleractinia) Reefs in the North Atlantic. Unpublished Habilitation
Thesis, Bremen University, Bremen, Germany, 1998.
66. Freiwald, A.; Fosså, J.H.; Grehan, A.; Koslow, T.; Roberts, J.M. Cold-water coral reefs—Out of sight—No
longer out of mind. In UNEP-WCMC Biodiversity; UNEP Coral Reef Unit: Cambridge, UK, 2004; Volume 22,
pp. 1–84.
67. Santín, A.; Grynó, J.; Ambroso, S.; Uriz, M.J.; Dominguez-Carrió, C.; Gili, J.M. Distribution patterns and
demographic trends of demosponges at the Menorca Channel (Northwestern Mediterranean Sea). Prog.
Oceanogr. 2019, 173, 9–25. [CrossRef]
68. Bell, J.J.; Barnes, D.K.A. Sponge morphological diversity: A qualitative predictor of species diversity? Aquat.
Conserv. 2001, 11, 109–121. [CrossRef]
69. Calcinai, B.; Moratti, V.; Martinelli, M.; Bavestrello, G.; Taviani, M. Uncommon sponges associated with
deep coral bank and maerl habitats in the Strait of Sicily (Mediterranean Sea). Ital. J. Zool. 2013, 80, 412–423.
[CrossRef]
70. Rueda, J.L.; Urra, J.; Aguilar, R.; Angeletti, L.; Bo, M.; García-Ruiz, C.; González-Duarte, M.; López, E.;
Madurell, T.; Maldonado, M.; et al. Cold-water coral associated fauna in the Mediterranean Sea and adjacent
areas. In Mediterranean Cold-Water Corals: Past, Present and Future, Coral Reefs of the World; Orejas, C.,
Jiménez, C., Eds.; Springer International Publishing: Berlin, Germany, 2019; Volume 9.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
